In order to study the relationships among mammalian cl-globin genes, we have determined the sequence of the 3' flanking region of the human al globin gene and have made pairwise comparisons between sequenced cz-globin genes. The flanking regions were examined in detail because sequence matches in these regions could be interpreted with the least complication from the gene ,duplications and conversions that have occurred frequently in mammalian cc-like globin gene clusters. We found good matches between the flanking regions of human al and rabbit al, human vyal and goat 'a, human a2 and goat "a, and horse al and goat "a. These matches were used to align the a-globin genes in gene clusters from different mammals. This alignment shows that genes at equivalent positions in the gene clusters of different mammals can be functional or nonfunctional, depending on whether they corrected against a functional a-globin gene in recent evolutionary history. The number of a-globin genes (including pseudogenes) appears to differ among species, although highly divergent pseudogenes may not have been detected in all species examined. Although matching sequences could be found in interspecies comparisons of the flanking regions of a-globin genes, these matches are not as extensive as those found in the flanking regions of mammalian p-like globin genes. This observation suggests that the noncoding sequences in the mammalian a-globin gene clusters are evolving at a faster rate than those in the P-like globin gene clusters. The proposed faster rate of evolution fits with the poor conservation of the genetic linkage map around a-globin gene clusters when compared to that of the P-like globin gene clusters. Analysis of the 3' flanking regions of a-globin genes has revealed a conserved sequence -100-150 bp 3' to the polyadenylation site; this sequence may be involved in the expression or regulation of a-globin genes.
Introduction
The genes that encode the polypeptides of hemoglobin have evolved by a series of gene duplications and divergences to produce two families of genes, the a-like globin gene family and the P-like globin gene family. In vertebrates these two families consist of clusters of closely linked genes, with the cl-like and p-like globin gene families located on different chromosomes in birds and mammals. The hemoglobin genes are expressed only in erythroid tissues, and within each gene family the genes are devel-opmentally regulated, with some genes expressed only in embryonic life and other genes expressed in fetal and/or adult life. In addition, the production of a-like globins must be balanced with P-globin production to ensure that all the globin polypeptides are assembled into the heterotypic tetramer of hemoglobin (a& for the adult form). In order to better understand this tissue specificity, coordinate synthesis, and developmental regulation, the structure, organization, and expression of globin genes from several species have been studied intensively (reviewed by Collins and Weissman 1984) . Comparisons of the nucleotide sequences within and flanking the genes have also provided much information about the likely evolutionary history of the globin genes. For example, orthologous comparisons (i.e., those between genes that have diverged as a result of speciation events) among mammalian P-like globin genes have revealed an ancestral five-gene family, ~-y-q-&p, that existed prior to the mammalian radiation and that has led to the P-like globin gene families in contemporary species by gene duplications, deletions, conversions, and other mutations (Goodman et al. 1984; Hardies et al. 1984; Hardison 1984; Harris et al. 1984) . Paralogous comparisons (i.e., those between genes that have diverged because of gene duplications) among a-like globin genes have revealed gene duplication units in most mammals (Leibhaber et al. 198 1; Proudfoot et al. 1982; Schon et al. 1982) and have shown that the genes within these duplication units are correcting against each other frequently (concerted evolution; Zimmer et al. 1980 ). These gene corrections most likely occur by gene conversions (Slightom et al. 1980; Schon et al. 1982; Michelson and Orkin 1983) . In assigning orthologous relationships among P-like globin genes, comparisons of the intron and flanking regions have been most informative Hardison 1984) . These regions are not under strong selective pressure (relative to the mRNA coding regions, or exons), and much of the evolution in these regions probably arises from neutral drift. Therefore, sequence matches in noncoding regions represent a segment of the ancestral chromosome that is still recognizable in the contemporary species. Also, the flanking regions do not appear to be subject to gene conversions as frequently as are the exons (Weiss et al. 1983; Hardies et al. 1984) , and one can therefore look outside the conversion unit to make phylogenetically relevant comparisons. The analysis of intron sequences also has been informative in evolutionary studies of the genes of the murine major histocompatibility complex (Ronne et al. 1985) .
Previous comparisons of mammalian a-like globin genes mainly have been paralogous comparisons of duplicated genes within a species. Comparisons of a-globin gene sequences between species have not yet revealed matches outside the region that is essential for expression (i.e., from the promoter to -100 bp past the polyadenylation site; Mellon et al. 198 l) , and it has been proposed that this expression unit was duplicated by transposition to a site close by on the chromosome (Schon et al. 1982) . One instance of a significant amount of matching sequences was found in interspecies comparisons of the mouse and human c-globin genes, in which a tract of -300 bp 5' to the cap site was found to be well conserved (Leder et al. 1985) . However, interpretation of the interspecies comparisons of a-globin genes is difficult because each species can contain multiple a-globin genes that have been correcting against each other in the time since the species diverged. Consequently, it is difficult to know whether a particular comparison is between orthologous genes unless it involves sequences that are outside the conversion units. Comparisons of intron regions are of limited utility in assigning orthologous relationships among a-globin genes because they are very short (88-120 bp) and tend to contain many copies of short repeats, often in tandem. However, the sequence of the short repeats is related between species .
In this paper we show that informative sequence matches are detectable in the flanking regions of a-globin genes. We present the sequence of a 1,53 1 -bp region 3' to the human al globin gene and show that it matches with DNA segments 3' to the rabbit al globin gene. Further sequence matches are shown for the flanking regions of the goat iicr and the horse al genes, for the goat 'cr and the human ~a1 genes, and for the goat "cl and the human a2 genes. These pairs of genes, plus the mouse and human <-globin genes, are the best candidates for orthologous genes in the a-like globin gene families, and we present an alignment of a-like globin gene families based on these comparisons. Examination of the 3' flanks of all sequenced mammalian a-globin genes reveals a well-conserved region -1 OO-150 bp 3' to the polyadenylation site. The limited amount of sequence matches seen in the flanking regions of a-globin genes contrasts with the extensive matches seen in P-like globin genes, and we propose that the flanking regions of a-like globin gene families are evolving at a higher rate.
Material and Methods

Sequence of the 3' Flank of the Human al Globin Gene
The 4-kbp insert in plasmid pRBa1 was sequenced in its entirety from both strands using the dideoxynucleotide chain termination method of Sanger et al. ( 1977) . This DNA insert extends from the BgZII site between genes a2 and al to the 3' end of the originally cloned DNA from the human a-globin gene cluster (Lauer et al. 1980 ). Short discrete restriction fragments or DNase I-generated random fragments were inserted into M 13 vectors (Messing 1983) to produce the single-stranded DNA templates used in the sequencing reactions. The sequence for each strand was compiled separately as a check for accuracy. Only the sequence 3' to the termination codon of the human al gene is reported in this paper.
Comparisons of a-like Globin Gene Sequences
Sequences were retrieved from the data banks at the Protein Identification Resource (National Biomedical Foundation, Georgetown University) or from published articles. References for the sequence data are as follows: human a2 (Leibhaber et al. 1980) , human al (Michelson and Orkin 1980) , 5' flank of human a2 and al (Hess et al. 1983 (Hess et al. , 1984 Michelson and Orkin 1983) , 3' flank of human al (Shen and Maniatis 1982 ; this paper), human well (Proudfoot and Maniatis 1980) , 5' flank of human ~a1 (Sawada et al. 1983 ), goat 'a and % (Schon et al. 1982) , horse al (Clegg et al. 1984) , mouse a-1 (Nishioka and Leder 1979) , and rabbit al through ~a 1 .
Searches for sequence matches were conducted by generating dot plots (White et al. 1984) , which are graphical presentations of all matches between two sequences at a defined criterion. The sequences were searched using a wide window (30 nucleotides [nt] ) while demanding a moderate number of matches (23 nt); this criterion tends to show imperfect but informative matches with only a modest background of noise (Hutchison et al. 1984) . We used the program MATRIX, written and supplied by Zweig (1984) and run on an IBM PC XT. Regions of matching sequences revealed by the dot plots were then aligned by inspection. Only two of the dot plots are shown in this paper, but copies of all the dot plots used in the analysis are available from the author (R.C.H.) on request.
Hardison and Gelinas
Results and Discussion
Mammalian a-like Globin Gene Families Maps of a-like globin gene families in five species (each of which represents a different order of eutherian mammals) are shown in figure 1. Each family contains both embryonic c-globin genes and "adult" a-globin genes; the latter genes actually start to be expressed in late embryonic life (Peschle et al. 1984) . Like other globin genes in animals, the coding portions of the a-and <-globin genes are interrupted by two introns to produce three exons. All of the families contain duplicated, active a-globin genes except the rabbit family. Three of the species contain inactive pseudogenes (designated by the w prefix) that are either at the 3' end of the cluster (rabbit and horse) or in the middle of the gene cluster (human). The <-globin gene has been duplicated in the human gene family, and although the two genes are undergoing frequent gene conversions, only 62 is active (Hill et al. 1985) . Multiple <-globin genes have been observed in rabbits, at least one of which is inactive ; J.-F. Cheng and R. C. Hardison, unpublished data).
An -4-kb region (subdivided into X, Y, and Z regions in fig. 1 ) around each expressed a-globin gene in humans (Homo sapiens) is very similar in paralogous comparisons and is thought to represent the duplication unit for these genes (Lauer et al. 1980) . The sequences within the duplication unit are correcting against each other, presumably by frequent gene conversions, so that the X, Y, and Z regions are almost Clegg et al. (1984) ; goat (Capra hircus), Lingrel et al. ( 1985) ; human (Homo sapiens), Collins and Weissman ( 1984) and Hardison et al. (1986) ; rabbit (Oryctolagus cuniculus), Cheng et al. (1986) and J.-F. Cheng and R. C. Hardison (un- published data); mouse (MUS domesticus), Leder et al. ( 198 1, 1985) . The lines extend as far as cloned DNA has been reported (except for horse <). The horse 4 gene position is based on genomic DNA blot-hybridization data (Clegg et al. 1984) . The two gene clusters in rabbit have not been linked by isolating overlapping clones or by genomic blot-hybridization data (J.-F. Cheng and R. C. Hardison, unpublished data).
identical for al and a2 (Leibhaber et al. 198 1; Hess et al. 1983 Hess et al. , 1984 Michelson and Or-kin 1983) . The Z region includes the exons and introns, although some sequence differences are found in the second intron and the 3' untranslated region of exon 3 (Michelson and Or-kin 1980) . The 'a and 'rcc genes of goats (Capra hircus) are almost identical from -100 bp 5' to the cap site to -50 bp 3' to the polyadenylation site; this is similarly attributed to a recent gene conversion (Schon et al. 1982) . Sequence data are available from only one a-globin gene in horse (Equus caballus; Clegg et al. 1984) and mouse (MUS domesticus; Nishioka and Leder 1979) , and thus the limits of any possible gene conversions are not known. The ~a1 gene in rabbits (Oryctolagus cuniculus) is drastically different from the active al gene ), so any gene corrections that may have occurred are ancient and are not relevant to this analysis. The sequences of the (2 and c 1 genes in humans are also quite similar from -150 bp 5' to the cap site to the middle of the 3' untranslated segment, with the introns differing primarily in the number of copies of tandem short repeats present in each gene (Proudfoot et al. 1982; Hill et al. 1985) .
Comparisons between Rabbit and Human cl-Globin Gene Planking Regions
In order to analyze sequences outside the duplication/conversion unit of the human a-globin genes, the sequence was determined for 1,53 1 bp 3' to the polyadenylation site of the human al gene. This sequence extends to the end of the cloned DNA originally isolated by Lauer et al. (1980) and is presented in figure 2 . A dot plot of the comparison between the rabbit al-~a1 region and the human a2-al region (data not shown) reveals matches between the exons of rabbit al and those of both al and a2 in humans. The 5' flank and first intron also match between the rabbit and human genes. Both of these latter regions, as well as the 5' flank of rabbit ~a 1, contain repeats of short G+C-rich sequences, and consequently matches are found between the 5' flank and intron 1. The rabbit ~a1 gene matches with exons 2 and 3 and with intron 1 and the 3' portion of exon 1 of the human a2 and al genes.
The sequence between the rabbit al and ~a1 genes does not match with the sequence between the human a2 and ccl genes. The human a2-al intergenic sequence is very similar to the sequence between the ~a1 and a2 genes in humans (X, Y, and Z in fig. I ), so the dot plot comparison shows that the sequence between al and ~a1 in rabbits is not similar to the intergenic sequences from well through al in humans. Other comparisons show that the sequence 5' to human ~a1 does not match with the rabbit a 1 -~a 1 intergenic sequence, either. However, the diagonal of matches between the rabbit al and human al genes does extend for -1,200 nt into the 3' flanking region, although the strings of dots are short and interrupted (data not shown). This suggests that remnants of homologous sequences should be detectable in the 3' flanks of these two genes.
The sequences 3' to the human and rabbit al genes were aligned in order to examine in more detail the matches detected by the dot plot. Relationships among a-Globin Gene Clusters 249 Hardison and Printz 1985) . However, segments of matching sequences are found between rabbit and human DNA both before (up through position 1,000) and after the Alu repeat, which suggests that the Alu repeat was inserted into the human chromosome. These observations fit with the model that suggests that retroposon repeats such as Alu elements have propagated and dispersed throughout the genome sometime since the mammalian radiation (Daniels and Deininger 1985; Hardison and Printz 1985; Sakamoto and Okada 1985) . It is noteworthy that the rabbit DNA from positions 1,038 to 1,17 1, which contains a tandem duplication of a 25-bp sequence, also does not match with the human sequence; this suggests that the duplications of the 25-bp sequence in rabbits (or deletions in humans) occurred after the separation of lagomorph and primate lineages. The matches between the 3' flanking sequences of rabbit and human al genes are the best matches we have observed between intergenic sequences in these two a-globin gene clusters. On this basis, we conclude that the rabbit. and human al genes have descended from the same gene in the ancestor to lagomorphs (rabbits) and primates, i.e., that they are orthologous genes.
Conserved Sequences in the 3' Plank of Mammalian a-Globin Genes Dot plot comparisons of sequenced a-globin genes from humans, rabbits, horses, and goats revealed a well-conserved region located -1 OO-150 bp 3' to the polyadenylation site. The sequences of the 3' untranslated regions and -175 bp of 3' flanking sequences from seven a-globin genes, representing five different species, were aligned to examine this conserved sequence in more detail ( fig. 3) . The region around the polyadenylation signal AATAAA (Proudfoot and Brownlee 1976 ) is very highly conserved, as has been pointed out previously (Nishioka and Leder 1979; Proudfoot and Maniatis 1980) . Sequences 3' to the polyadenylation site match between certain pairs of genes; this can result from gene conversions within a species (e.g., between 'a and "a in goats or between a2 and al in humans), or it can be a reflection of orthologous relationships (e.g., between rabbit and human al). However, the sequences from position 194 to position 2 14 are very similar in five of the seven genes; the consensus sequence of this segment is CAAGGACCTCTCTGCAGCTG.
The presence of this sequence in cl-globin genes from four different species and the fact that sequences before and after this sequence are not highly conserved (see positions 160-190 and positions 260-285 in fig. 4 ) indicate that this sequence is under selective pressure-FIG. 2.-Alignment of sequences 3' to the al genes of humans and rabbits. The sequence of the cloned DNA located 3' to the polyadenylation signal of human gene al was determined and is presented as an alignment of the sequence 3' to the rabbit gene al. The sequence starts immediately after the translation termination codons and ends at the EcoRI site that is the end of the clones originally isolated by Latter et al. (1980) . It includes the sequence of an Alu repeat that was analyzed previously by Shen and Maniatis (1982) . The human DNA sequence at positions 142, 146, and 155 differs from the previously reported sequence (Proudfoot and Maniatis 1980) . Colons are placed between nucleotides that match between the human and rabbit sequences, and gaps have been introduced to improve the alignment. The percent match was calculated as the number of matches minus the number of gaps in both sequences divided by the number of nucleotides in the row with fewer nucleotides. This method assesses a minimum gap penalty (-1) and considers each gap to have arisen by a single event. A gap continued on to a second row is only counted in the first row in which it appears. The polyadenylation site is marked, a repeating 25bp segment in the rabbit sequence is underlined, and the direct repeats that flank the Alu repeat in the human sequence are boxed. Ha 1 = human al globin gene; Ral = rabbit al globin gene. T6TCT6Tn-6CCTC866TCTeTGTBTCC6C~~CCB-GCCCn66TTCTCnTT~C------TC66~-------- and that therefore it may be involved in the expression or regulation of a-globin genes. The 3' portion of this sequence contains a RstI site (CTGCAG), and Mellon et al. (198 1) have shown that a DNA fragment that ends at this PstI site in the human a2 gene contains all the sequences necessary for expression in transfected African green Relationships among ct-Globin Gene Clusters 25 1 monkey cells. Mutagenesis of this sequence and assay of the mutant gene in an expression system are required to test this hypothesis. This sequence is not found in the mouse a-l gene, and only limited matches are found with the goat '~1 gene, so, if this sequence were to be shown to be important in expression or regulation, some other sequence must substitute for it in mouse CX-1 and goat 'a. This conserved sequence is different from the U4 RNA complementary sequence required for 3' end processing of some mRNAs (Sadofsky et al. 1985) .
The region immediately 3' to the conserved sequence is very purine rich (positions 2 15-260 in fig. 4) , and the sequence GGAGGGG is found in five of the genes. This latter sequence is not present in rabbit al, but it has been replaced by a polypyrimidine tract (positions 250-266). Tracts of polypurine or polypyrimidine nucleotides can adopt an altered B-form conformation of the DNA that is detectable by sensitivity to Sl nuclease or decreased electrophoretic mobility (Hentschel 1982; Schon et al. 1983; Margot and Hardison 1985) . It is possible that this region may ,be involved in some aspect of gene expression or regulation that is not assayed by transfection experiments.
Additional Orthologous Relationships between Mammalian a-Globin Genes
Comparisons among the sequenced cl-globin genes of mammals revealed three other orthologous relationships. A dot plot comparison between the goat 'a and the human ~a1 gene shows matches in the 5' flanking region extending as far as 1,200 bp before the cap site ( fig. 4A ). These matches are interrupted by nonhomologous single-copy DNA and by the insertion of an Alu repeat in the human DNA. The exon sequences match well, including the 3' untranslated region, but the matches diminish beyond the polyadenylation site. This is because the a2-al duplication unit in humans begins immediately 3' to ~a1 ; this region has undergone multiple gene conversions (Hess et al. 1984) , which would tend to change the sequence from that still present in the goat 'a gene. The matches in the 5' flank of these genes are far removed from the conversion units, and the simplest interpretation is that they represent sequences derived from the same DNA in the ancestor to artiodactyls (goats) and primates. Therefore we conclude that the goat 'a and the human ~a1 genes are orthologous.
A .
The horse al and goat **cz genes are very similar throughout the region from the promoter to -150 bp past the polyadenylation site (data not shown). A segment of -150 bp has apparently been inserted into intron 1 of the horse al gene; we favor the idea of an insertion into horse al rather than that of's deletion from goat I1cr because most mammalian a-globin genes have very short introns. The second introns of both genes show some similarity, although intron 2 is longer in horse al than in goat "a. Intron 2 of goat I1cr also can match in several different ways with the 3' portion of intron 1 of horse al; this is due to matches between repeated G+C-rich segments and shows as a cluster of dots off the major diagonals of the dot plot. The matches in the 3' flanking regions extend well beyond the conversion unit of the goat 'a and I1cz genes (see fig. 3 for aligned sequences). No sequence data are available for the horse a2 gene, and it is certainly possible that this gene is converting with the horse al gene (Clegg et al. 1984) . Thus, until comparisons can be made between the goat a-globin genes and the horse a2 gene, we can only tentatively conclude that the horse al and goat I1cr genes are orthologous. The analysis is further complicated by the fact that the divergence between artiodactyls and perissodactyls (horse) is thought to have occurred more recently than the divergences among the primates, rodents, and lagomorphs (Romer 1966) -and that consequently the goat-horse gene comparisons are thought to be not exactly comparable to the rest of the comparisons. However, the matches between horse al and goat *Ia are among the best detected in the comparisons done so far.
The 5' flanking regions of goat I1o and human a2 show interrupted matches for -600 bp before the cap site ( fig. 4B ). The promoter region (-100 bp before the cap site) is very well conserved, as are the exons, and portions of the introns show lobvious matches. The sequence matches extend into the 3' flanking region past the end of the conversion unit of goat I1o and 'a. These matches in the 3' flanks are more extensive than those seen between goat "a, and human al (not shown); this is confirmed in expanded dot plots of the 3' flanking regions and can be seen in the aligned sequences in figure 3 . Interpretation of these sequence matches in flanking regions is complicated by the large duplication/conversion unit in the human gene cluster. The 5' flank of human a2 is almost identical to that of the al gene (region Z in fig. l) , and the 3' flank of a2 is almost identical to that of ~a1 (region X in fig. 1 ). Thus, the goat I1o sequence also matches with these other human gene sequences, but the human a2 gene is the only one that matches with the goat I1o in both the 5' and 3' flanking regions. An alignment between goat I1cr and human a2 is compatible with the matches between goat 'a and human ~a1 described above (see maps in fig. 1 ). Therefore, we conclude that the goat 'ICI (and probably also horse al) gene is orthologous to the human a2 gene.
Alignment of Mammalian a-like Globin Gene Clusters
The relationships that we have found among mammalian a-globin genes are summarized in figure 1 , along with the previously described matches between mouse and human 52. The best matches seen are between goat 'a and human v,al, between goat I1o and horse al, and between goat I1o and human a2. The matches between rabbit al and human al are substantially better than those seen for most other a-globin comparisons. Although our tentative assignments of orthologous relationships may have to be revised as more sequences are accumulated, several interesting observations can be made on the basis of the maps in figure 1 .
One of the unexpected results of our analysis is that some functional a-globin genes appear to be orthologous to pseudogenes in other species. The human a-like globin gene cluster contains three very similar a-globin genes-the almost identical, active genes al and a2 plus the pseudogene vol. This pseudogene is similar to the active a-globin genes (-73% matches; Proudfoot and Maniatis 1980), which is much more similar than the highly divergent ~a2 pseudogene (-45% matching nucleotides when aligned with a2; Hardison et al. 1986 ). Pseudogene ~a1 can be transcribed in cell-free systems and in transfected cells; the mutated polyadenylation signal has been proposed as the major defect that prevents accumulation of mRNA (Whitelaw and Proudfoot 1983) . This situation in the human a-globin gene cluster is generally interpreted as being the result of recent gene corrections involving al and a2 so that they remain active. The alignments in figure 1 show that the goat '~1, an active a-globin gene, aligns with the human ~a1 pseudogene. The horse al and goat "CZ genes align with the human active gene a2. This leaves a presumptive pseudogene in horse, ~a (Clegg et al. 1984) , aligned with the active al gene in humans, although sequence data from horse ~a are required to test whether it is most similar to the human al gene. Even though the order of functional and nonfunctional genes is reversed in horses and humans, a similar process of gene corrections can be occurring in the horse a-like globin gene cluster, but one would propose that the 5' pair of genes has corrected most recently in horse, whereas the 3' pair of genes has corrected most recently in humans. Similarly, the goat gene that corresponds to the ~a1 gene in humans, goat 'a, has corrected against the goat 'ICI recently, so that both are functional. Thus one can view the mammalian a-globin gene clusters as containing two to three genes, any of which can be functional or nonfunctional depending on whether it corrected recently against a functional a-globin gene.
The rabbit a-like globin gene cluster contains only one functional a-globin gene, al. The similarity between rabbit and human al genes leads us to conclude that they are orthologous, and the absence of any other cl-globin loci between rabbit I& and al suggests that the loci that correspond to the human ~a1 and a2 genes have been deleted in rabbits. The presence of the pseudogene yrcll 3' to al in rabbits suggests the possibility that another a-globin locus may exist 3' to al in primates or 3' to its corresponding locus in goats or horses. This appears to be the case in the orangutan (Pongo pygmaeus) gene cluster, which contains a third a-globin gene located 3' to the a2-al gene pair (Marks et al. 1986 ). Cloned DNA has not yet been isolated in this region from goats. However, extensive blot-hybridization analysis in several laboratories working with the human a-like gene cluster has failed to reveal any a-globin loci 3' to a 1, and it is possible that the region corresponding to rabbit ~a 1 has been deleted in human DNA.
Several unanswered questions remain after this comparison of available a-globin gene sequences. The rabbit gene cluster has not been linked together by cloning experiments, and not all the c-globin genes have been isolated (J.-F. Cheng and R. C. Hardison, unpublished data). Several of the cloned a-globin genes from different species have not been sequenced, and more sequence data from the flanking regions would be especially informative for evolutionary comparisons. The flanking sequences around the mouse a-1 gene do not match well with any of the other a-globin genes, so it is not clear where to place it in the scheme of relationships shown in figure 1 . The analysis in this paper does not include the c-globin genes because the sequences have been published from only two species.
Extensive Matches in the Flanking Regions of Mammalian P-Like Globin Genes
In contrast to the limited sequence matches that are observed in the flanking regions of mammalian a genes, extensive sequence matches are readily detected in the flanking regions of P-like genes. Previously published comparisons of the p-, 6-, y-, and a-globin genes between rabbits and humans showed that not only exons but also introns and flanking regions had extensive matching sequences Hardison 1984) . We have determined more DNA sequences around the rabbit p and E (or p4) genes (J. B. Margot, R. Printz, K. Brech, and R. C. Hardison, unpublished data) so that -6,000 bp can be compared between the orthologous genes in rabbits and humans. The dot plots (available on request) show that the matching sequences extend as far 5' as the data are available from the rabbit pl gene (2,520 bp 5' to the cap site) and that the matches continue into the 34 flank for -900 bp (Rohrbaugh et al. 1985) . Likewise, the comparison of the a-globin genes (not shown) reveals matching sequences in the 5' flank of the E genes as far as 3,000 bp from the cap site; again, the extent of the matches detected is limited by the available sequences. The matching sequences 5' to the P-globin genes are interrupted by a truncated version of a long repetitive element in rabbits, LlOc (Demers et al. 1986 ). The matching sequences 5' to the a-globin genes are interrupted by a short Alu repeat in humans (Schmid and Jelinek 1982) . In both these cases, matching sequences can be found on both sides of the repeat, which supports the hypothesis that both short and long repeats are retroposons that can propagate and be inserted into positions around the genome (Jagadeeswaran et al. 198 1; Singer and Skowronski 1985) .
The density of dots along the diagonals is decreased in the flanking regions relative to that in the coding regions, which shows that the flanking regions are not as highly conserved as the coding regions. We cannot determine at this point whether the matches seen in the distant flanking regions are the result of selection for some function (if so, the sequence requirements for this hypothetical function are more relaxed than the requirements for encoding a globin polypeptide) or whether the matches are those that remain after mutations have been fixed during neutral drift (Kimura 1977) . More detailed analyses need to be done to determine whether the percent similarity in these P-like globin flanking regions is comparable to that seen between mammalian pseudogenes, which are assumed to be diverging at the neutral rate (Li et al. 198 1; Miyata and Hayashida 198 1).
These matches in the flanking regions of P-like globin genes are more extensive than the matches seen in the flanking regions of a-globin genes. The a-like and P-like globin gene families probably existed as separate gene clusters in the ancestor to eutherian mammals since this arrangement is found in all contemporary eutherian mammals (Collins and Weissman 1984) . Therefore these two gene clusters have been evolving for the same length of time since the mammalian radiation. The limited extent of matching sequences around the cl-globin genes means that the intergenic sequences in this gene cluster have accumulated more mutations than have those in the P-like globin gene cluster over the same amount of time, and we therefore conclude that the a-globin gene cluster has been evolving at a faster rate. Not enough c-globin gene sequences are available to assess whether the c-globin genes are evolving as rapidly as the a-globin genes, and we limit our conclusion about the rapid rate to the region around the a-globin genes. The a-globin genes have accumulated fewer mutations than have the P-globin genes (Shapiro et al. 1983; Hardison 1984) , and a similar high conservation of embryonic gene loci may also be seen in the a-like globin gene clusters. It should be stressed that the different rates of evolution proposed for a-globin and P-like globin gene clusters pertain to the intergenic regions in the clusters, not to the coding regions. This phenomenon is distinct from the different rate of evolution seen for different functional classes of proteins (Wilson et al. 1977) ; these latter effects are limited to the polypeptide-coding regions of the exons.
At least three different mechanisms could be contributing to the higher rate of evolution in the a-globin gene clusters:
(1) Mutations could occur more frequently. In this regard, it is striking that the G+C content is very high for a-globin genes in general (Schon et al. 1982) and for the intergenic regions in rabbit al-~a1 ). The dinucleotide CpG has been observed to mutate more frequently than other dinucleotides in comparisons of human and chimpanzee P-globin gene regions (Savatier et al. 1985) , presumably because the cytosine can be methylated, and the deamination product of 5-methyl cytosine is thymine, thus resulting in a C-to-T transition (Bird 1980) . The dinucleotide CpG is unusually abundant in the a-globin gene loci, and this could contribute to a higher mutational load on these genes.
(2) The mutations that occur may be fixed in the population more rapidly; this could result from less efficient DNA repair in the a-globin gene cluster. Some precedents for variation in DNA repair efficiency at different genetic loci have been reported. For example, in Chinese hamster ovary cells, pyrimidine dimers are removed from the gene for dihydrofolate reductase more efficiently than from the bulk genome (Bohr et al. 1985) .
(3) The a-globin loci may be recombining at a high rate. Frequent gene conversions have been proposed to explain the concerted evolution of the duplicated a-globin gene loci (Lauer et al. 1980; Zimmer et al. 1980; Michelson and Orkin 1983; Hess et al. 1984) , and unequal crossing-over probably occurs frequently to generate the many cases of deletion-type a-thalassemia (Orkin et al. 1979) . In fact, in some Southeast Asian (Lie-Injo et al. 1982) and Melanesian (Oppenheimer et al. 1984) populations, the frequency of chromosomes containing only one a-globin gene (a-thalassemia) is as high as or higher than the frequency of the "normal" chromosome containing the duplicated a-globin genes. Both gene conversions and unequal crossovers are examples of recombination events, and both involve formation of the Holliday intermediate in DNA recombination (reviewed by Dressler and Potter 1982 of gene conversions and deletions found in the a-globin loci may contribute to the high rate of evolution detected in interspecies comparisons.
Comparison of Linkage Maps around a-Like and P-Like Globin Gene Clusters
As shown in figure 5A , the human P-like globin gene cluster is linked to the genes for parathyroid hormone, insulin, and the cellular H-ras proto-oncogene on the short arm of chromosome 11, in the region 1 1~15 (Gerald and Grzeschik 1984; McKusick 1984; Zabel et al. 1985) . The gene for lactate dehydrogenase A is also found on the short arm of chromosome 11. The genes for lactate dehydrogenase A, the hemoglobin P-gene cluster (Womack 1984) , insulin (Lalley and Chirgwin 1984) , and the H-ras proto-oncogene (Kozak et al. 1983 ) are also linked on mouse chromosome 7, although the order and positions of H-ras and insulin are not known. The evidence for synteny of four loci in both species suggests that these loci were linked on a chromosomal segment in the ancestor to mice and humans and that this arrangement has been retained in present-day humans and mice (and probably other eutherian mammals).
In contrast, figure 5B shows that the a-like globin gene clusters have not been as precisely mapped and that very few biochemical markers have been mapped close to the a-like gene clusters on human chromosome 16 or mouse chromosome 11 (Barton et al. 1982; McKusick 1984; Womack 1984) . Recently the cellular erb-B gene was mapped near the a-like globin gene cluster on mouse chromosome 11, but it is not linked to the human a-globin gene cluster (Silver et al. 1985) . Although based on limited data, this analysis suggests that the chromosomal segment containing the p-like globin gene cluster has been more stable during evolution than the chromosomal segment containing the a-like globin gene cluster. Perhaps the matches we detect in the intergenic regions between P-like globin genes in different mammals are a reflection of this stability in the chromosomal segment. If so, one would expect to find matching sequences around the insulin genes and between insulin and P-like globin gene clusters in comparisons between mammalian species. One mechanism proposed for the faster rate of evolution in the mammalian a-like globin gene cluster is a higher rate of recombination.
If the a-like gene clusters are recombinational hot spots, then one would not expect to find linked markers at a high frequency in a conventional linkage analysis.
Other chromosomal segments appear to be as stable as the mammalian P-like globin gene clusters. For example, the genes for galactokinase, thymidine kinase, erb-A, and myosin heavy chain are syntenic both on mouse chromosome 11 and human chromosome 17 (McKusick 1984; Womack 1984) . It is possible that many genetic loci in mammals will be as stable as the P-like clusters and that others will be as unstable as the a-like clusters. We have no reason to believe that the globin gene clusters are limiting cases; some loci could be more stable or more variable. However, it seems clear that different loci can show markedly different rates of evolution and that those different rates affect the flanking regions as well as the coding regions.
